Introduction
In recent years, previous studies [1] [2] [3] have reported on the overlapping distribution of first and second formants (referred to as F 1 and F 2 ) for the back vowels /o/ and /u/ produced by young Seoul Korean speakers.
In particular, previous studies have mentioned that /o/ and /u/ uttered by female speakers were appeared remarkable overlapping. It is known that lower formants are parameters for characterizing vowels. Hence, it is possible that the overlapped distribution of F 1 and F 2 has influences on the identification of the two vowels /o, u/ in speech perception. In previous study on the speech perception of /o/ and /u/, young native listeners of the Seoul dialect could identify the two vowels even though distributions of F 1 and F 2 were overlapped [3] . In an experiment reported by another previous study using synthesized stimuli [4] , the influence of F 2 was found to be predominant over F 1 in the perception of the vowel categories.
Previous studies [1] [2] [3] have indicated the overlapping distribution of /o/ and /u/ among females is more striking than among males. This suggests that, by designing a perceptual experiment using female speakers' phonetic information as stimuli, we can gain deeper insights into young Seoul speakers' perception of the two vowels at hand.
In the present study, we report on a perceptual experiment with young native listeners of Seoul Korean using synthesized stimuli, focusing on the overlapped area of distribution of F 1 and F 2 from female speakers. We examined which of F 1 or F 2 young native listeners of Seoul Korean used as perceptual cue for the identification of /o/ and /u/.
Perceptual experiment

Stimuli
We used synthesized speech with XKL software [5] as stimuli for perception experiment, where we used F 1 through F 5 . Values of F 1 and F 2 were taken from 66 tokens (recorded from 11 female Seoul dialect speakers Â 2 vowels Â 3 repetitions) based on the values measured with PEAR [6] . We decided that the range of F 1 and F 2 values where the two vowels overlapped was from 350 Hz to 470 Hz in F 1 , and from 850 Hz to 970 Hz in F 2 . After that, we divided that range into 9 steps each separated by 15 Hz. Thus, total number of synthesized stimuli was 9 ðF 1 Þ Â 9 ðF 2 Þ ¼ 81. We set values for F 3 , F 4 and F 5 based on preferred to values in C Sound [7] , with F 3 at 2,830 Hz, F 4 at 3,500 Hz, and F 5 at 4,950 Hz.
Participants
Twenty young native speakers of Seoul Korean took part in the perceptual experiment (11 males, 9 females, mean age: 19.8 years). All participants were students at Yeoju Institute of Technology, Korea.
Method
The /o, u/ perceptual experiment was performed one participant at a time in a quiet room at Yeoju Institute of Technology in Yeoju city, Korea, using the speech analysis software Praat (ver. 6.0.19) [8] . Stimulus tokens of /o/ and /u/ were presented randomly to each participant through audio interface (Roland, DUO-CAPTURE EX UA-22) and headphones (SONY, MDR-7506). Upon hearing a stimulus, participants selected one of /o/ or /u/, displayed in Hangul orthography on a monitor in from of them. We arranged our set up such that participants could play a given stimulus a maximum of 2 times, 81 stimuli were repeated three times.
Analysis
We conducted our analysis used in [9] as a reference. In order to elucidate the perceptual boundary between /o/ and /u/ among our synthesized stimuli, we calculated the mean /o/ response rate for 20 individuals. We established the criterion for area of perceptual identification of /o/ and /u/. In the case of the response rate of /o/ was greater than or equal to 50% of the whole responses, we regarded these stimuli as /o/. The response rate of /o/ was less than 50%, we regarded the stimuli as /u/.
We applied fitting by using the sigmoidal function as shown in Eq. (1) below for the mean response rate of /o/, or pðF 1 ; F 2 Þ. In this equation, F 1 and F 2 mean the first and second formants; the values of a, b and c are coefficients derived from the fitting process with the sigmoidal function.
Ã e-mail: tigeta@obirin.ac.jp Figure 1 shows the distribution of the result of the response rate of /o/ in the identification test. Figure 2 shows the result of the identification test before fitting, while Fig. 3 shows the smoothed version after fitting. After fitting, we got the parameters: a ¼ 0:3774, b ¼ 0:6837 and c ¼ 5:7695.
Results and discussions
In the Figs. 2 and 3 , the horizontal axes show F 1 and F 2 . The vertical axis shows the response rate of /o/. To see whether the fitting process was succeeded, we first calculated the difference (error) of each pair of the response rate of /o/ before and after fitting. Then, the root-mean-square of all of the errors was calculated, and it was 0.0499. Figure 4 shows the perceptual boundary for /o/ and /u/ using fitted response rates for /o/. The perceptual boundary of /o/ and /u/ was obtained as a linear function under the condition ofpðF 1 ; F 2 Þ ¼ 0:5; this boundary became a connecting line from 380 Hz-395 Hz to 455 Hz in F 1 . Figure 4 shows the perceptual boundary of /o/-/u/. Perceptual boundary of /o/-/u/ indicates values of F 1 and F 2 increase mutually. Although a previous study [4] reported the influence of F 2 was predominant over F 1 on the perception of the vowel categories, the present study indicates F 2 is not always predominant. In the previous study [4] conducted perceptual experiment by using 10 continua as stimuli. The F 1 and F 2 of the 10 continua reflected the acoustic characteristics of /o/-/u/ by young Seoul Korean. However, in the previous study [4] , speech synthesized by male formants were used as stimuli. On the other hand, in the present study, we used stimuli synthesized by female formants. The stimuli used in present study and the previous study [4] have gender differences. Thus, the results of present study may be different from previous study. Figure 4 shows the perceptual discrimination boundary using the average value of 20 people. Therefore, it is not necessarily easy to say that each perceptual boundary is the same as in Fig. 4 .
Summary
In this study we conducted a perceptual experiment to understand the perceptual boundary of overlapping vowels /o/ and /u/ in young listeners of Seoul Korean. Our results suggested that F 2 isn't necessarily dominant in determining the distinction between the vowels. Future research will use not only stimuli synthesized from female speech, but also that of males. Further, phonetic cues other than F 1 and F 2 warrant investigation as well.
